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Abstract: Drought is a critical limiting factor affecting the growth and development of plants in arid and 
semi-arid areas. Photosynthesis, one of the most important physiological processes of plants, can be 
significantly inhibited by drought. Photosystem II (PSII) is considered the main attack target when 
photosynthesis is affected by drought. To clarify how PSII components of the ephemeral plant Erodium 
oxyrhinchum (grown in the Gurbantungeut Desert, China) respond to drought treatment, we evaluated the 
functional activity of PSII by determining chlorophyll fluorescence and gas exchange parameters under 
different drought treatment levels (control (400 mL), moderate drought (200 mL), and severe drought 
(100 mL)). Under moderate drought treatment, significant decreases were found in net photosynthetic rate 
(Pn), effective quantum yield of PSII (Yd), relative electron transfer rate of PSI (PETRAD), 
oxygen-releasing complex, probability of an absorbed exciton moving an electron into the electron 
transport chain beyond primary quinone receptor Qr (P(E,)), probability of a trapped exciton moving an 
electron into the electron transport chain beyond primary quinone receptor Q7 (P(E), and performance 
index of PSII (Pla). Compared to control treatment, marked increases were observed in water use 
efficiency (WUE), relative variable fluorescence at the J step ()), initial fluorescence (F), and dissipated 
energy per active reaction center (DI,/RO) under moderate drought treatment, but there were no 
substantial changes in semi-saturated light intensity (Ix), active reaction centers per cross-section (RC/CS), 
and total performance index of PSII and PSI (Pla, where PSI is the photosystem I). The changes of the 
above parameters under severe drought treatment were more significant than those under moderate 
drought treatment. In addition, severe drought treatment significantly increased the absorbed energy per 
active reaction center (4BS/RC) and trapping energy per active reaction center (TR,/ RC) but decreased 
the energy transmission connectivity of PSII components, RC/CS, and Plwm, compared to moderate 
drought and control treatments. Principle component analysis (PCA) revealed similar information 
according to the grouping of parameters. Moderate drought treatment was obviously characterized by 
RC/CS parameter, and the values of F, 14, ABS/RC, DI,/RC, and TR,/RC showed specific reactions to 
severe drought treatment. These results demonstrated that moderate drought treatment reduced the 
photochemical activity of PSII to a certain extent but E. oxyrhinchum still showed strong adaptation against 
drought treatment, while severe drought treatment seriously damaged the structure of PSII. The results of 
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this study are useful for further understanding the adaptations of ephemeral plants to different water 
conditions and can provide a reference for the selection of relevant parameters for photosynthesis 
measurements of large samples in the field. 


Keywords: chlorophyll fluorescence; drought treatment; electron transport; photosynthesis; photosystem I; Erodium 
oxyrhinchum;, Gurbantunggut Desert 
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1 Introduction 


Ephemeral plants, which are widely distributed in the Gurbantunggut Desert of China (Duan et 
al., 2017), are usually annual herbs with short growth cycle and high photosynthetic rate (Qiu et 
al., 2007; Tu et al., 2016; Wu et al., 2020). As drought sensitive species, ephemeral plants are 
sensitive to water availability; they can quickly complete their life cycle by using ice and snow 
melting water in winter and precipitation in early spring before the arrival of dry and hot summer 
(Zhang and Chen, 2002). 

Lan et al. (2008) reported that the adaptation of annual early spring ephemeral plants to the arid 
environment occurs not just through the specialization of internal structures, but also due to their 
unique physiological characteristics within their short life history. For example, adaptations 
against drought can be achieved by simply adjusting leaf movements to reduce leaf temperature 
and water loss through respiration (Forseth and Ehleringer, 1980; Yuan and Tang, 2010a) or by 
regulating leaf osmotic potential (Forseth and Ehleringer, 1982; Zhou et al., 2010). Some studies 
have shown that a reduction in condensate water can decrease the transpiration and net 
photosynthetic rate (Pn), but have no obvious impact on the intercellular CO2 concentration and 
water use efficiency (WUE), reflecting a stable water utilization strategy for ephemeral plants 
(Gong et al., 2017; Liu et al., 2018). Zhou et al. (2010) also demonstrated that drought 
significantly reduces Pn in Malcolmia africana. A recent study showed that increasing 
precipitation can promote the photosynthetic efficiency in ephemeral plants (Zhang et al., 2022). 
Ephemeral plants have evolved distinct adaptative mechanisms under drought conditions in the 
desert environment; however, the specific photosynthetic responses to drought remain unclear, 
especially for photosystem II (PSII). 

PSII activity is a sensitive indicator to evaluate the external environmental stress for plants 
(Kalaji et al., 2016). PSII is considered the primary target of attack in photosynthesis under 
external environmental stress (Liu et al., 2018). Chlorophyll fluorescence can be used to quantify 
the energy distribution dynamics of PSII and determine the photosynthetic physiological status of 
plants (Krause and Weis, 1991). Furthermore, the rapid chlorophyll fluorescence induction kinetic 
curve (OJIP) can reflect the changes in primary photochemical reactions of PSII, as well as the 
structure and state of the photosynthetic mechanisms (Strasser et al., 1995, 2004). Drought stress 
strongly alters the shape of the OJIP, which manifests its effects on plant physical responses in 
various patterns and forms the induction transient (Li, 2007; Kalaji et al., 2016). It is accepted 
that the L (0.01-0.30 ms), K (0.01-2.00 ms), H (2.00—-30.00 ms), and G (30.00—1000.00 ms) 
bands can be used to represent different transient stages to analyze the changes in each stage of 
the OJIP in more detail (Strasser et al., 2004; Stirbet and Govindjee, 2012). Based on the 
thylakoid membrane energy flux theory, Strasser et al. (2004) developed a data processing method 
for the OJIP (1.e., the JIP test). The analysis of the energy flux, flux ratio per reaction center, and 
unit leaf cross-section in the JIP test can provide detailed information on the redox state of PSII 
(Strasser et al., 2010; Stirbet and Govindjee, 2011; Kalaji et al., 2016). Chlorophyll fluorescence 
has been widely used to analyze the response of PSII to drought stress (Zivcak et al., 2013; Zhou 
et al., 2019; Bano et al., 2021). 

In the Gurbantunggut Desert, Erodium oxyrhinchum dominates the layer of ephemeral plants 
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and is limited by water during the growing period (Wang et al., 2006; Li et al., 2020; Mu et al., 
2021). In this paper, E. oxyrhinchum was selected to investigate the effects of drought treatment 
on its PSII activity. At present, some researchers have studied the effects of precipitation on the 
isochronous germination of E. oxyrhinchum (Liu et al., 2021), the influences of snow on its 
seedling growth (Wu et al., 2018), and the impacts of water and nitrogen additions on its life 
history (Chen et al., 2019). In terms of photosynthesis, the impacts of precipitation on chlorophyll 
fluorescence (Zhang et al., 2022) and the influences of biological soil crusts on photosynthetic 
characteristics (Zhuang and Zhang, 2017) are the only topics that have been studied so far. There 
are few studies on the photosynthesis of E. oxyrhinchum under drought treatment, especially with 
respect to PSII. Thus, a drought simulation experiment of E. oxyrhinchum was designed in this 
study. The response characteristics of leaf photosynthesis and chlorophyll fluorescence of E. 
oxyrhinchum to drought treatment were analyzed to clarify how the components of PSII respond 
to drought treatment. This study can provide a theoretical basis for improving the stress resistance 
and photosynthetic efficiency of E. oxyrhinchum, as well as other ephemeral plants in the 
Gurbantunggut Desert. 


2 Materials and methods 


2.1 Plant materials and experimental design 


The experiment was carried out in a sunlight room with natural sunlight and indoor temperature of 
25°C from April to June of 2021 in Xinjiang Institute of Ecology and Geography, Chinese 
Academy of Sciences, Urumqi, China. Seeds of E. oxyrhinchum and the cultivated sand soil were 
collected from the Gurbantunggut Desert (44°11'-46°20'N, 84°31'—-90°00’E) in early June 2020. 
The collected seeds were dried with natural air and then preserved in the laboratory. The outer seed 
coat was cut with a plant-dissecting knife to break the physical dormancy of seeds before sowing. 

We set the control treatment based on the average precipitation amount and precipitation 
frequency during the growing season of 2017—2019 in the Gurbantunggut Desert reported by Min 
(2020). We further set two drought treatments, with 50% of the control treatment as the moderate 
drought and 25% of the control treatment as the severe drought. The actual cumulative 
precipitation from March to June was calculated to be close to 50.0 mm, and the precipitation 
frequency was 6 d. That is, about 3.3 mm of precipitation occurred every 6 d. Based on the 
volume of the flowerpot (height of 25 cm and diameter of 17 cm), we finally set the irrigation 
volume as follows: 400 mL of water for the control treatment, 200 mL for the moderate drought 
treatment, and 100 mL for the severe drought treatment for every 6 d. Each drought treatment had 
5 replicates, with a total of 15 flowerpots. Approximately 7 or 8 seeds were sown in each 
flowerpot. In the early stage, seeds were sufficiently watered every 6 d using an artificial sprayer, 
with about 3.3 mm (400 mL as the control) tap water totally on each flowerpot. Once the seeds 
have germinated, 3 robust seedlings were kept in each flowerpot and the excess seedlings were 
pulled out. After one and a half months of growth, when the plants reached the leaf-expansion 
stage, drought treatment lasted for 12 d, watering every 6 d. Measurements of parameters were 
conducted during this period (1.e., after one and a half months of growth). 


2.2 Leaf gas exchange measurements 


Leaf gas exchange parameters were measured with Li-6400 (Li-COR Inc., Lincoln, Nebraska, 
USA) on a sunny day from 09:00 to 12:00 (LST) in the morning. The measured parameters 
included Pn, transpiration rate (Tr), stomatal conductance (Gs), and WUE (which was calculated 
from the ratio of Pn to Tr), and the values were recorded after stabilization for 10.00 min. The 
cuvette settings were as follows: 1500.00 umol photons/(m?-s) for photosynthetic photon flux 
density (PPFD), 500.00 mmol/s for flow rate, and 400.00 mmol/mol for CO2, and the cuvette fan 
was set to fast mode. After measurements, the leaves were photographed using the software 
Image J (Rawak Software, Carlsbad, CA, USA) to determine the leaf areas. Then, the parameters 
of Pn (umol/(m?-s)), Tr (mmol/(m?-s)), and Gs (mmol/(m*-s)) can be obtained by the measuring 
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instrument and software directly. Each drought treatment is an average of five replicates. 
2.3 Chlorophyll fluorescence measurements 


We adjusted the plants dark-adapted for 30.00 min before measurements using a portable 
PAM-2500 fluorometer (Heinz Walz GmbH, Effeltrich, Germany), according to the methods of 
Schreiber et al. (1986). The measured light intensity was 0.15 umol photons/(m*-s), the saturated 
pulse intensity was 10,000.00 umol photons/(m?-s) for 0.80 s, and the pulse interval was 20.00 s. 
The gradient of light intensity was set as 0.00, 5.00, 93.00, 201.00, 514.00, 877.00, 1381.00, 
1647.00, 1967.00, 2362.00, and 2862.00 umol photons/(m-s); in turn, the duration of the applied 
light for each light intensity was 300.00 s, and the instrument measurement software can 
automatically calculate the effective quantum yield of PSII (Y(ID)), photochemical quenching 
(qP), closure degree of PSII (1-qP), quantum yield of regulated energy dissipation in PSII 
(YWPQ)), and quantum yield of nonregulated energy dissipation in PSII (Y(NO)). The 
fluorescence parameters were calculated as follows (Krall and Edwards, 1992; Kramer et al., 
2004; Klughammer and Schreiber, 2008): 


YUD =(Fm'- Fs)/ Fm', (1) 
qP =(Fm' — Fs)/(Fm'-F,), (2) 
Y(NPQ) = Fm/ Fm'-1, (3) 
Y(NO) = Fs / Fm, (4) 


where Fm and Fm' represent the maximal fluorescence from dark-adapted and light-adapted 
leaves, respectively; Fo' represents the minimal fluorescence from light-adapted leaves; and Fs 
represents the steady state fluorescence yield from light adaptation. 

The fast light response curve of relative electron transfer rate of PSII (rETR(II); umol/(m*-s)) 
was fitted using the equation described by Platt et al. (1980). The gradient of light intensity was 
set as 0.00, 5.00, 45.00, 93.00, 145.00, 201.00, 385.00, 514.00, 877.00, 1115.00, 1381.00, 
1647.00, 1967.00, 2362.00, and 2862.00 umol photons/(m?-s); in turn, the duration of the applied 
light for each light intensity was 30.00 s, and the instrument measurement software can 
automatically calculate the r“ETR(II). The relevant parameters obtained from the fit equation were 
the maximum electron transfer rate (ETRmax; umol/(m?-s)), semi-saturated light intensity (Ix; 
umol/(m?.s)), initial slope of the fast light response curve (a), and photosynthetically active 
radiation (PAR; umol/(m*-s)). Each treatment is an average of five replicates. 


r ETR(ID = Y (II) x PAR x 0.84 0.5, (5) 
Tg =ETRinax / &. (6) 
2.4 Rapid chlorophyll fluorescence measurements 


We monitored the rapid chlorophyll fluorescence induction kinetics in situ artificially with plant 
efficiency analyzer (HandyPEA, Hansatech Instruments Ltd., Norfolk, UK), according to the 
method described by Strasser et al. (2004). After dark adaptation for 30.00 min, the fluorescence 
induction kinetics of plants were measured. Red light (wavelength of 650.00 nm and light 
intensity of 3500.00 umol photons/(m?-s)) was used to induce chlorophyll fluorescence. 
Measurement for each drought treatment is an average of five replicates. All fluorescence values 
were selected from the period from 10.00 us to 2.00 s. A typical OJIP resembles the different 
fluorescence states: the first rise from the origin is denoted as "O", which ascends to an 
intermediate state "K" step (at 0.30 ms) and "J" step (at 2.00 ms), followed by a second slower 
rise involving a second intermediate state "I" step (at 30.00 ms), while the "P" step is the 
maximum fluorescence measured. The OP, OJ, OK, JI, and IP stages were standardized to further 
analyze the fluorescence dynamic curves. The abscissa representing time was changed to a 
logarithmic coordinate to present the OJIP. Then, we analyzed the OJIP fluorescence transients 
according to the JIP test (Strasser et al., 2000), in which data were also visualized by generating 
radar plots of bioenergetic fluxes. 
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2.5 Statistical analysis 


Preliminary data statistics were performed in Excel, then one-factor analysis of variance 
(ANOVA) was used to analyze the differences in SPSS 28.0 (IBM, Almonte, New York, USA). 
The data are shown as the means and standard deviations, and the Duncan's test was used to 
compare means (P<0.05). We explored the variability of the measured parameters and their 
correlations by principal component analysis (PCA). The axis with the characteristic value greater 
than 1 was selected as the principal component axis. Graphs were constructed using OriginPro 
2021 software (OriginLab, Northampton, USA). 


3 Results 


3.1 Effects of different drought treatment levels on phenotype and leaf gas exchange 
parameters of E. oxyrhinchum 


The plants under severe drought treatment showed a distinct difference in phenotype compared to 
those under control and moderate drought treatments, and there was no noteworthy difference 
between plants under control and moderate drought treatments (Fig. 1). Parameters of Pn, Gs, and 
Tr decreased significantly with increasing drought level. Pn under moderate and severe drought 
treatments decreased by 47.82% and 86.92%, respectively, and the corresponding declines were 
49.11% and 86.82% for Gs and 61.77% and 92.04% for Tr, compared with control treatment 
(P<0.05; Fig. 2a—c). However, an opposite trend was observed for WUE, which increased by 
36.51% and 64.19% under moderate and severe drought treatments, respectively, compared with 
control treatment (P<0.05; Fig. 2d). 


= eo y -aghi S oats : y : £ Ss 
Fig. 1 Phenotype of Erodium oxyrhinchum grown under different drought treatment levels. (a), control 
treatment; (b), moderate drought treatment; (c), severe drought treatment. 


3.2 Effects of different drought treatment levels on the response curve of chlorophyll 
fluorescence in E. oxyrhinchum 


When PPFD was lower than 500.00 umol photons/(m?-s), parameters of Y(II), Y(NVPQ), 1-gP, and 
Y(NO) did not change significantly regardless of drought treatment. When PPFD increased to 
greater than 500.00 umol photons/(m*-s), the trend of Y(II) declined, but Y(NPQ), Y(NO), and 
1-qP observably improved (Fig. 3). Y(T) and Y(NO) decreased with increasing drought treatment 
level (Fig. 3a and d), while Y(VPQ) and 1—gP continued to increase (Fig. 3b and c). 

The parameter of rETR(II) increased with increasing PPFD and decreased with increasing 
drought treatment level (Fig. 4a). The values of ETRmax and a under moderate and severe drought 
treatments were significantly lower than those under control treatment. Nevertheless, there was no 
significant difference between moderate and severe drought treatments (P<0.05; Fig. 4b and c). 
ETRmax reached 589.66 (464.66), 195.40 (426.30), and 137.25 (£25.69) umol/(m?-s) under 
control, moderate drought, and severe drought treatments, respectively, after illumination (Fig. 
4b). Compared with control treatment, a parameter respectively decreased by 59.72% and 65.40% 
under moderate and severe drought treatments (Fig. 4c), while Zx decreased by 11.39% and 
65.95%, respectively (Fig. 4d). Ix showed little difference between control and moderate drought 
treatments (P>0.05), and both were prominently higher than that under severe drought treatment 
(P<0.05; Fig. 4d). 
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Fig. 2 Leaf gas exchange parameters of E. oxyrhinchum under different drought treatment levels. (a), net 
photosynthetic rate (Pn); (b), stomatal conductance (Gs); (c), transpiration rate (Tr); (d), water use efficiency 
(WUE). Different lowercase letters indicate significant differences among drought treatments at P<0.05 level 
based on the Duncan's test. Bars mean standard deviations. 
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Fig. 3 Light response curves of E. oxyrhinchum under different drought treatment levels. (a), effective quantum 
yield of photosystem II (PSII) (Y(ID)); (b), closure degree of PSII (1—qP); (c), quantum yield of regulated energy 
dissipation in PSII (Y(VPQ)); (d), quantum yield of nonregulated energy dissipation in PSII (Y(NO)). PPFD, 
photosynthetic photon flux density. Bars mean standard deviations. 
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Fig. 4 Fitted light response curves of (a) relative electron transfer rate of PSII (rETR(II)), (b) maximum electron 
transfer rate (ETRmax), (c) initial slope of the fast light response curve (a), and (d) semi-saturated light intensity 
Uk) of E. oxyrhinchum under different drought treatment levels. Different lowercase letters indicate significant 
differences among drought treatments at P<0.05 level based on the Duncan's test. Bars mean standard deviations. 


3.3 Effects of different drought treatment levels on the OJIP fluorescence transients of E. 
oxyrhinchum 


Figure 5 shows the OJIP of E. oxyrhinchum under different drought treatment levels. In general, 
E. oxyrhinchum under moderate and severe drought treatments showed a similar curve trend with 
that under control treatment (Fig. 5a). Thus, the OJIP fluorescence transients were subjected to 
double normalization in stages O-P. The relative fluorescence values of "J" step and "I" step were 
obviously increased (Fig. 5b). To further reveal the details in different stages, we 
double-normalized O-J, O-K, J—I, and I-P (Fig. 5c, e, g, and i) to visualize the K, L, H, and G 
bands (Fig. 5d, f, h, and j). With increasing drought treatment level, the obvious positive K band 
showed that the oxygen-releasing complex was inactivated. The L band was positive under severe 
drought treatment, indicating that the energy transmission connectivity of PSII components was 
reduced, and the opposite was also true under moderate drought treatment. The positive H band 
decreased the relative size of the plastoquinone (PQ) pool, especially under severe drought 
treatment. The G band was positive under moderate drought and severe drought treatments, 
indicating that the acceptor pool of photosystem I (PSI) became relatively small. 

The photosynthetic process of each step can be revealed by the JIP test based on the OJIP 
fluorescence transients. In this study, drought treatment altered several selected characteristics 
and some important JIP test parameters. As the level of drought treatment increased, the minimum 
fluorescence (Fo), relative variable fluorescence at the J step (Vs), and dissipated energy per active 
reaction center (DI,/RC) significantly increased, while the probability of a trapped exciton 
moving an electron into the electron transport chain beyond primary quinone receptor Q4 
(W(E.)), probability of an absorbed exciton moving an electron into the electron transport chain 
beyond primary quinone receptor Q4 (®(E.)), and performance index of PSII (Plass) markedly 
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Fig. 5 Rapid chlorophyll fluorescence induction kinetics curve (OJIP) of E. oxyrhinchum under different 
drought treatment levels. The first rise from the origin is denoted as "O", which ascends to an intermediate state 
"K" step (at 0.30 ms) and "J" step (at 2.00 ms), followed by a second slower rise involving a second intermediate 
state "I" step (at 30.00 ms), while the "P" step is the maximum fluorescence measured. (a), relative variable 
fluorescence at stages O-P (Vor); (b), relative variable fluorescence after normalization at stages O-P (AVop); (c), 
relative variable fluorescence at stages O-J (Vos); (d), relative variable fluorescence of K band after normalization 
at stages O-J (AVos); (e), relative variable fluorescence at stages O-K (Vox); (£), relative variable fluorescence of 
L band after normalization at stages O-K (AVox); (g) relative variable fluorescence at stages J—I (Vn); (h), relative 
variable fluorescence of H band after normalization at stages J—I (AV); (i) relative variable fluorescence at stages 
I-P (Vir); (j), relative variable fluorescence of G band after normalization at stages I-P (AVip). Relative variable 
fluorescence was calculated as VA(Fi-Fo)/(Fim—Fo) (where, Fo is the minimum fluorescence; Fm is the maximum 
fluorescence; and F; is the fluorescence at ¢ time) and relative variable fluorescence after normalization was 
determined as AV=V:-Vcontro! (where V; is the relative variable fluorescence at ¢ time; and Veontro! is the relative 
variable fluorescence at ¢ time under control treatment). 


decreased (P<0.05; Fig. 6). Drought treatment decreased the maximal photochemical efficiency 
(Fv/Fm, where Fv is the variable fluorescence) and the size of the PQ pool on the PSII receptor side 
(Sm) (P<0.05). The absorbed energy per active reaction center (ABS/RC) and trapping energy per 
active reaction center (TR,/RC) increased under severe drought treatment, while the active reaction 
center per cross-section (RC/CS) significantly decreased (P<0.05). However, the electron flux 
from the active reaction center to the PSI acceptor side (RE./RC) and the probability of an electron 
being transported from reduced PQ to the electron acceptor side of PSI (6R,) showed no notable 
changes under moderate and severe drought treatments (P>0.05), compared with control treatment. 
The total performance index of PSII and PSI (PIa) under moderate drought treatment was not 
significantly different with that under control and severe drought treatments, but it was 
significantly lower under severe drought treatment than under control treatment (Fig. 6). 


3.4 PCA on gas exchange and chlorophyll fluorescence of E. oxyrhinchum under different 
drought treatment levels 


Gas exchange and chlorophyll fluorescence parameters of E. oxyrhinchum under drought 


732 JOURNAL OF ARID LAND 2023 Vol. 15 No. 6 


—m— Control —®— Moderate drought —A-— Severe drought 


o(R,) DI/RC 

(a,a,a) as (a,b,c) 
oS} 

(a,b,c) A (a,a,b) 


5 
es 


V 


V, (a,a,b) 
(a,b,c) 

Fig. 6 Data processing method for the OJIP (JIP test) parameters of E. oxyrhinchum under different drought 
treatment levels. The rapid chlorophyll fluorescence parameters under control treatment were taken as 1 and the 
rapid chlorophyll fluorescence parameters under moderate drought and severe drought treatments were expressed 
as the proportion of that under control treatment. Different lowercase letters in the parentheses indicate significant 
differences at P<0.05 level based on the Duncan's test. Fv/Fm, the maximal photochemical efficiency (where Fv 
is the variable fluorescence); ABS/RC, absorbed energy per active reaction center; DIo/RC, dissipated energy per 
active reaction center; TRo/RC, trapping energy per active reaction center; RE./RC, electron flux from the active 
reaction center to the PSI acceptor side; RC/CS, active reaction centers per cross-section; Vy, relative variable 
fluorescence at the J step; Sm, the size of the plastoquinone (PQ) pool on the PSII receptor side; (Eo), probability 
of a trapped exciton moving an electron into the electron transport chain beyond primary quinone receptor Q4; 
®(E.), probability of an absorbed exciton moving an electron into the electron transport chain beyond primary 
quinone receptor Q4; dRo, probability of an electron being transported from reduced PQ to the electron acceptor 
side of photosystem I (PSI); Pluss, the performance index of PSH; Plioai, the total performance index of PSII and 
PSI. 


treatments were analyzed by PCA (Table 1). The parameters of E. oxyrhinchum under severe 
drought treatment had a negative distribution and were different from those under control and 
moderate drought treatments, which showed positive distributions. The parameters under 
moderate drought treatment slightly overlapped with those under control treatment and were 
between those under control and severe drought treatments (Fig. 7). Most of the variance (90.3%) 
was explained by the first two principal components (PCs). The first PC (PC1), which reflected 
83.0% of the total variance, including parameters of Fo, Fv/Fm, ABS/RC, DI/RC, TRo/RC, y(Eo), 
D(Eo), Vi, Sm, Pn, Pliotai, Plavs, and Ik (Table 1; Fig. 7). The second PC (PC2), which was 
characterized by a higher load on RC/CS, explained 7.3% of the total variance (Table 1; Fig. 7). 
Parameters of Plass, Plo, Fv/Fm, Pn, Sm, w(Eo), B(Eo), Ik, and RC/CS were positively correlated 
with each other, but they were negatively correlated with Fo, Vi, ABS/RC, DI,/RC, and TRo/RC 


(Fig. 7). 


4 Discussion 


Different drought treatment levels have various effects on photosynthetic rate. Under mild and 
moderate drought treatments, the restriction of CO2 diffusion from atmosphere to chloroplast 
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Table 1 Contributions of different chlorophyll fluorescence and gas exchange parameters of E. oxyrhinchum to 
the total variance of principal components (PCs) 


Parameter PCI PC2 
Fy —0.2849% —0.1477 
Fv/Fm 0.2804" —0.0230 
ABS/RC —0.2799# 0.1460 
DI,/RC —0.2792* 0.1512 
TR,/RC 0.2756" 0.1429 
WE.) 0.2847" 0.0581 
P(E) 0.2840” —0.0241 
Plass 0.2842* 0.0401 
Plorar 0.2609” —0.0 1 74 
Vi —0.2871* —0.0095 
Sm 0.2523” 0.0939 
Pn 0.2858” 0.1200 
RC/CS 0.0732 0.9280" 
Tk 0.2537" —0.1506 


Note: PC1, the first principal component; PC2, the second principal component; *, parameters with high contribution; Fo, the minimum 
fluorescence; Fv/Fm, the maximal photochemical efficiency (where Fv is the variable fluorescence and Fm is the maximum 
fluorescence); ABS/RC, absorbed energy per active reaction center; DI,/RC, dissipated energy per active reaction center; TR,/RC, 
trapping energy per active reaction center; y(E,), probability of a trapped exciton moving an electron into the electron transport chain 
beyond primary quinone receptor Q7; ®(E,), probability of an absorbed exciton moving an electron into the electron transport chain 
beyond primary quinone receptor Q47; Pluss, the performance index of photosystem II (PSII); Pla, the total performance index of PSII 
and photosystem I (PSI); Vy, relative variable fluorescence at the "J" step; Sm, size of plastoquinone (PQ) pool in PSII receptor side; Pn, 
net photosynthetic rate; RC/CS, active reaction centers per cross-section; Ix, semi-saturated light intensity. 
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Fig. 7 Biplot of principal component analysis (PCA) showing the separation of the chlorophyll fluorescence and 
gas exchange parameters of E. oxyrhinchum under different drought treatment levels. PC1, the first principal 
component; PC2, the second principal component. 


carboxylation site is the main reason for the decrease of photosynthetic rate, which is known as 
stomatal limitation (Farquhar and Sharkey, 1982; Pinheiro and Chaves, 2011; Wang et al., 2018). 
With the aggravation of drought, rubisco activity decreases and electron transport complex 
function is impaired, further reducing photosynthetic rate, which is usually a nonstomatal 
limitation (Farquhar and Sharkey, 1982; Wang et al., 2018; Wang et al., 2022). Gs decreased with 
increasing drought intensity in this study. The main reasons for the decrease of Pn under moderate 
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drought treatment may be stomatal factors. The nonstomatal restriction under severe drought 
treatment possibly led to a reduction in Pn. This is consistent with the results of alpine meadow 
plants in response to drought (Ma et al., 2021). Compared to control treatment, the Tr values of E. 
oxyrhinchum under moderate drought and severe drought treatments were significantly lower and 
may also be one of the causes for the lower Pn. The lower Tr can result in higher leaf temperature, 
stronger photoinhibition, and lower photosynthetic capacity (Wang et al., 2022). Furthermore, the 
reduction in leaf area to reduce transpiration has also been considered a survival adaptation 
strategy against drought stress. Leaf area plasticity is regarded as an essential strategy for 
controlling WUE (Talbi et al., 2020). Higher WUE under drought stress is an essential means to 
obtain stronger drought resistance (Xu et al., 2017; Wang et al., 2021). In our study, WUE and 
phenotype significantly differed between control and drought treatments. The results showed that 
to prevent excessive water loss and ensure full utilization of water, the decrease in the 
photosynthesis of E. oxyrhinchum might mainly be controlled by stomata. Through physiological 
metabolism, the drought tolerance and adaptability of this species can be enhanced to ensure 
normal growth. 

The decrease in photosynthetic capacity further affects the photochemical reaction, leading to 
more excess excitation energy and photoinhibition damage to PSII (Luo et al., 2016; 
Fernandez-Marin et al., 2020; Wang et al., 2022). In this research, the significant decrease in Y(II) 
showed that the absorbed light through the antenna of PSII reaction centers was less efficient in 
charge separation. However, Y(NPQ) was significantly increased to dissipate excess energy and 
avoid damage to PSII. Additionally, the PCA results showed a significant increase in D/,/RC. It is 
notable that Y(NO) was higher under control treatment than under moderate drought and severe 
drought treatments. Y(NO) is related to the light acclimation of photosynthetic mechanisms with 
high tolerance (Shi et al., 2015). The lower Y(NO) in E. oxyrhinchum under drought treatment 
may slow the damage from increased light exposure. As described in previous studies, high light 
stress can be mitigated by priming water deficits in papaya (Vincent et al., 2018) and cashew 
(Lima et al., 2018). Y(VPQ) and Y(NO) are protective mechanisms to maintain normal 
photosynthesis of plants (Wilson and Ruban, 2020). In this study, both parameters were shown to 
regulate the energy dissipation of E. oxyrhinchum, thus reducing photoinhibition under drought 
treatment. The reaction of rETR(ID to various light intensity levels was examined to determine 
the adaptability of plants to strong light under drought treatment. The high /x under moderate 
drought treatment indicated a relatively strong tolerance to light. The low value of a implied a 
decrease in the utilization ability of PSII to capture light energy under drought treatment, 
eventually reducing the ETRmax. These results are consistent with those observed in Taida Smile 
(Wang et al., 2014) and Sago palm (Azhar et al., 2021). 

In this study, to obtain more in-depth information on light collection and electron transfer of 
PSI, we analyzed the rapid chlorophyll fluorescence transient by plotting differential curves. The 
positive K band suggested that drought treatment damaged the oxygen-releasing complex, 
resulting in an imbalance between electron transport from the oxygen-releasing complex to the 
acceptor side in PSII (Zhou et al., 2019). The positive L band under severe drought treatment 
indicated that the energy transmission connectivity between antenna pigment and PSII active 
reaction center decreased, leading to poor excitation energy utilization as well as lower o value. 
However, under moderate drought treatment, the energy transmission connectivity of PSII 
components was improved due to the negative L band (Wang et al., 2018; Zhou et al., 2019). In 
summary, the oxygen-releasing complex of E. oxyrhinchum was the initial target of PSII damage 
in the early stage of drought. With an increasing drought treatment level, the absorption and 
dissipation of light energy were reduced by decreasing the energy transmission connectivity of 
PSII components. The visible H band revealed that the PQ pool comparatively decreased when 
exposed to drought stress (Paunov et al., 2018). The significant reduction in Sm supported this 
conclusion. However, under moderate drought treatment, the first half of the H band amplitude 
was positive and the second half was negative. The G band was positive, reflecting the decrease 
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in electron acceptor at the end of PSI (Zagorchev et al., 2020). PSI acceptor electron transport 
may have been inhibited by the increasing drought treatment level. However, the values of 
RE,/RC and ôR, showed no significant difference between control and drought treatments, 
indicating that drought treatment had no distinct impact on PSI. This result suggests that PSII 
activity is more sensitive to drought treatment than PSI, which is consistent with the findings of 
Torreya grandis under drought stress (Wang et al., 2022). 

The JIP test can be used to analyze changes in PSII critical energetic characteristics (Strasser et 
al., 2004; Redillas et al., 2011). In this study, V; obviously improved with the increasing drought 
treatment level, in which the accumulation of Q4 relatively increased and the electron transfer 
capacity on the receptor side was weakened, accompanied by a further decrease in the probability 
of electron transfer to the electron acceptor beyond QO, in the electron transfer chain (Lu et al., 
2020) as well as the obvious decreases in ®(E,) and W(Eo). These factors resulted in significant 
decreases in Fv/Fm and Plass values. In addition, under severe drought treatment, the increase in 
ABS/RC may be due to the inactivation of some PSII reaction centers or the increase in antenna 
size (Çiçek et al., 2019). These changes were proven by the positive L band and the decrease in 
RC/CS, which are similar to the results obtained from passion fruit under drought treatment 
(Gomes et al., 2012). The inactivation of the reaction centers observed when E. oxyrhinchum was 
subjected to severe drought treatment might be an indicator of photoinhibition sensitivity, which 
is also a downregulation mechanism used to dissipate excess absorbed light. Finally, Plas; and 
Plotai prominently decreased, consistent with the trend of Pn values. However, Fv/Fm did not 
change significantly under severe drought treatment due to the simultaneous increases in ABS/RC 
and D/J,/RC (Manaa et al., 2021). This result indicates that PI.s; is more sensitive to drought stress 
than Fv/F'm in photosynthetic mechanisms (Li et al., 2005). 

Based on an in-depth analysis of all the data, we selected 14 chlorophyll fluorescence and gas 
exchange parameters for PCA. The results showed that most parameters were contained in PCI. 
Hence, PC1 can be considered as a measure of functioning photosynthesis reaction center. The 
control and severe drought treatments were on the opposing ends of PC1. E. oxyrhinchum under 
control treatment had higher photosynthesis activity and growth rate (Pn, Fv/F'm, Plaps, and Pliotai) 
and electron transport (y(Z.) and ®(£,)). Severe drought treatment resulted in more substantial 
energy dissipation and inhibited PSII activity (Fo, Vi, ABS/RC, DI,./RC, and TR,/RC). The 
parameters under severe drought treatment were negatively correlated with those under control 
treatment, which directly showed that the photosynthetic capacity decreased significantly. These 
results are similar to the effects of temperature and high light on the photochemical efficiency of 
PSII in soybean-inverted leaves (Wang et al., 2022) and camel thorns (Yue et al., 2020). Moderate 
drought treatment exhibited the strongest correlation with RC/CS, which slightly overlapped with 
that under control treatment but was far from that under severe drought treatment, indicating that 
the photosynthetic capacity of E. oxyrhinchum under moderate drought treatment was similar to 
that under control treatment and significantly higher than that under severe drought treatment. 

Water is the most important limiting factor affecting the growth and development of 
herbaceous plants in the Gurbantunggut Desert (Yuan and Tang, 2010b). E. oxyrhinchum 
completes its life cycle in the early spring by using ice and snow melting water and precipitation. 
With the advent of the harsh and hot summer, both precipitation amount and the frequency of 
precipitation decrease (Min, 2020). E. oxyrhinchum was gradually subjected to drought treatment, 
which was first manifested in the inactivation of the oxygen-releasing complex on the donor side 
of PSII and the accumulation of Oy electrons on the receptor side, thereby reducing electron 
transfer ability significantly. However, due to the high energy transmission connectivity of PSII 
components and the more active reaction centers, E. oxyrhinchum also had strong light resistance 
and maintained good growth through heat dissipation. With the extension of drought time and the 
increasing drought treatment level, the energy transmission connectivity of PSII components and 
the number of active reaction centers decreased in Æ. oxyrhinchum under severe drought 
treatment, and Pn significantly decreased, which may promote the transition from vegetative 
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growth to reproductive growth and thus complete its short life cycle (Eppel et al., 2014; Mu et al., 
2021). 


5 Conclusions 


Drought treatment significantly decreased the photosynthetic performance of E. oxyrhinchum. 
Moderate drought treatment caused oxidative damage, such as oxygen-releasing complex 
inactivation and the inhibition of electron transport, ultimately significantly reducing Pluss. 
However, under severe drought treatment, some PSII reaction centers were inactivated and the 
energy transmission connectivity of PSII components was reduced. These effects eventually led to 
significant decreases in PIabs and Plroia. The damage to the photosynthetic apparatus and the 
inhibition of electron transport of E. oxyrhinchum in arid environments were the reasons for the 
substantial declines in PSII activity and Pn. These results can provide a theoretical basis for 
understanding the growth adaptability of E. oxyrhinchum in the Gurbantunggut Desert. 
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